Resting-state networks offer a unique window into the brain's functional architecture, but their characterization remains limited to instantaneous connectivity thus far. Here, we describe a novel resting-state network based on the delayed connectivity between the brain and the slow electrical rhythm (0.05 Hz) generated in the stomach. The gastric network cuts across classical resting-state networks with little overlap with autonomic regulation areas. This network is composed of regions with convergent functional properties involved in mapping bodily space through touch, action or vision, as well as mapping external space in bodily coordinates. The network is characterized by a precise temporal sequence of activations within a gastric cycle, beginning with somato-motor cortices and ending with the extrastriate body area and dorsal precuneus. Our results demonstrate that canonical resting-state networks based on instantaneous connectivity represent only one of the possible partitions of the brain into coherent networks based on temporal dynamics.
Introduction
The parsing of the brain into resting-state networks (RSNs) has been widely exploited to study the brain's functional architecture in health and disease (1) . With long time scales, RSNs closely match the anatomical backbone of the brain (2) (3) (4) . With short time scales (~10-100 s), spontaneous brain activity is characterized by the emergence and dissolution of network patterns encompassing and extending classical RSN topologies (5, 6) with rich temporal trajectories (7) . Temporal trajectories indicate the existence of delays between regions, whereas the methods most often used to parse brain activity into functional networks (seed-based correlation and independent component analysis) make the implicit assumption that RSNs are characterized by instantaneous or zero delay connectivity. Therefore, we analyzed delayed connectivity in resting-state BOLD signals using techniques widely used in electrophysiological studies of large-scale brain dynamics (8) that quantify the stability of temporal delays between time series.
More specifically, we studied the delayed coupling between resting-state brain activity and a visceral organ, the stomach. The stomach continuously produces a slow electrical rhythm (0.05 Hz, one cycle every 20 seconds) that can be non-invasively measured (electrogastrogram (EGG) (9) ). The gastric basal rhythm is continuously (10) and intrinsically (11) generated in the stomach wall by a network of specialized cells, the interstitial cells of Cajal (12) , which form synapse-like connections not only with gastric smooth muscle but also with afferent sensory neurons (13) . The stomach is an interesting candidate for large-scale brain coordination for several reasons. First, visceral inputs can reach a number of cortical targets (14, 15) . Second, gastric frequency (~0.05 Hz) falls within the range of BOLD fluctuations that are used to define RSNs and are free from known cardiac and respiratory artifacts (16) . Finally, the amplitude of alpha rhythm, the dominant rhythm in the human brain at rest, depends on the phase of gastric rhythm (17) .
We simultaneously recorded brain activity with fMRI and stomach activity with EGG ( Fig. 1a ) in 30 human participants at rest with open eyes. We then determined the regions in which spontaneous fluctuations in brain activity were phase synchronized with gastric basal rhythm; we refer to these regions as the gastric network.
Results

EGG-BOLD phase coupling defines the gastric network
We first determined gastric frequency (Fig. 1b) in each participant as the frequency of the largest spectral peak within the normogastric range (0.033-0.066 Hz). The mean EGG peak frequency across the 30 participants was 0.047 Hz (± SD 0.003, range 0.041-0.053). EGG peak frequency measured inside and outside the scanner did not differ (EGG outside the scanner measured in 29 of the 30 participants, mean 0.046 Hz ± SD 0.006; two-sided paired t-test, t(28)=0. 35, p=0 .725 Bayes Factor<0.001, indicating decisive evidence for the null hypothesis).
In each participant and at each voxel, we quantified the degree of phase synchrony between the EGG signal and BOLD time series filtered around gastric frequency (Fig. 1c) . We computed the phase-locking value (PLV) (8) , a measure widely used in electrophysiology that varies between 0 when two time series show no consistent phase relationship (Fig. 1c , bottom panel) and 1 when two time series have a consistent phase relationship over time (Fig. 1c, upper panel). Importantly, the PLV is high for any lag between the time series as long as this lag is constant over time. In each participant and at each voxel, we estimated that the PLV that could be expected by chance from EGG signals that were shifted with respect to the BOLD time series. The empirical PLVs were then compared with chance-level PLVs using a cluster-based statistical procedure that intrinsically corrects for multiple comparisons (18) . Significant phase coupling between the EGG and resting-state BOLD time series occurred in twelve nodes (voxel threshold p<0.01, two-sided paired t-test between the observed and chance PLV; cluster threshold corrected for multiple comparisons, Monte-Carlo p<0.05, two-sided).
The gastric network ( 
Controls: gastric frequency specificity, false-positive rate, and head micromovements
To assess the robustness of the gastric network, we ran several controls. First, we verified that EGG-BOLD coupling was specific to gastric frequency. We filtered both EGG and BOLD time series at frequencies that were slightly offset from the peak gastric frequency of each participant and recomputed cluster statistics. Summary statistics (sum of the absolute tvalues resulting from the paired t-test between empirical and chance-level PLV at each voxel, either summed across the whole brain or within the gastric network) decreased when shifting below or above the gastric peak frequency (Fig. 2b) . This result indicates that the gastric network corresponds to BOLD fluctuations specifically occurring at gastric frequency.
Second, we estimated the likelihood of false positives with our statistical procedure. We randomly sampled surrogate datasets in which a random time shift was applied to the EGG of each participant a thousand times. Next, we tested whether any of those 1000 combinations would generate summary statistics as large as the original data when compared with the chancelevel estimate we used to determine significantly coupled regions at the group level (Fig. 2c) .
This result was never observed, indicating that the probability of our results being a false positive is less than 0.001.
Finally, we investigated whether submillimeter head movements might have influenced the results. We defined voxel motion susceptibility as the regression coefficient of head movement (19) from the BOLD time series. Coupling strength and voxel motion were unrelated (Fisher z-transformed Pearson correlation coefficients tested against zero, t(29)=-0.34, p=0.73; Bayes factor<0.001, indicating decisive evidence for the absence of a link between coupling strength and head movement). Stomach contractions might also lead to small head movements that could be phase locked to gastric rhythm. Although gastric rhythm is continuously produced even during fasting, it is larger during stomach contractions. Thus, we tested whether the effects we found were due to differences in EGG power (or frequency) across participants. We found no link between coupling strength (difference between empirical and chance PLV) in the 12 nodes and EGG power (ANCOVA, F(1, 28)=0.9, p=0.51; all Bayes factor<0.33, indicating substantial evidence for the null hypothesis) nor between coupling strength and EGG peak frequency (ANCOVA, F(1, 28)=1.6, p=0.17; Bayes Factor<0.33, indicating substantial evidence for the null hypothesis in nine of twelve nodes; Bayes Factor<1.3 in the three remaining nodes, indicating anecdotal or no evidence).
The gastric network is thus specific to individual gastric peak frequency, is highly unlikely to be a chance finding, and is not linked to spurious effects of head movement on the BOLD signal.
The gastric network includes body maps associated with touch, action and vision
We then examined the areas comprising the gastric network in more detail. By definition, the gastric network is composed of regions with activity that co-fluctuates with gastric basal rhythm. Five nodes of the gastric network also share a common functional feature, somatotopic organization, as detailed in Fig. 2d .
The gastric network includes the following regions with a well-known body representation based on touch: the right primary somatosensory cortex in the hand and mouth region and bilateral secondary somatosensory cortices. We further quantified the overlap between the nodes of the gastric network and known cytoarchitectonic subdivisions of the somatosensory cortices (20, 21) . The gastric network mostly overlapped with area 1 (60.2% of the SIr node) and to a lesser extent, with area 2 (13.1%) and area 3b (9.9%). The SII nodes of the gastric network overlapped with the secondary somatosensory cortices and more precisely with the somatotopically organized subdivisions of the parietal operculum OP1 and OP4 (22) .
The right SII node mostly overlapped with area OP1 (35.2% of the node), while the left SII node overlapped with both OP1 (21.7%) and OP4 (14.9%). Additionally, both left and right SII nodes extended more ventrally to the temporal cortex.
The gastric network also includes three medial wall motor regions (CCZ, RCZp, and SMA) that reveal their somatotopic organization when participants are required to move specific body parts (23) . Note that gastric-BOLD coupling also included a more posterior area in the cingulate sulcus (pCS). Finally, the gastric network overlapped with the EBA, a region of the lateral occipital cortex activated when participants view images of body parts (24) with a clear somatotopic organization (25) . The overlap between the gastric network and EBA occurred in the lower face region, which includes the mouth.
Thus, the gastric network overlaps with body maps classically associated with different modalities, including touch in somatosensory cortices, action in MWM and vision in the EBA.
The gastric network includes regions involved in the generation of the alpha rhythm
Finally, we found gastric-BOLD coupling in the posterior bank of the parieto-occipital sulcus (dOcc and vOcc) and retrosplenial cortex. In a previous study using magnetoencephalography (17) , the amplitude of the alpha rhythm in these regions was modulated by gastric phase (Fig. 2e) .
Marginal gastric-brain coupling in the insula and autonomic control networks
The insula is one region that receives visceral inputs (14, 15) , but it did not appear to be significantly phase synchronized to the EGG using our whole-brain conservative statistical Brain-body interactions studies usually focus on brain regions that directly impact the bodily state via sympathetic or parasympathetic outputs. The overlap between the gastric network and autonomic regulation areas (27) was very limited (34 voxels, 4.7% of the gastric network) and confined to SIr and the anterior parts of SMA and RCZp (Fig. 3) .
Temporal sequence within a gastric cycle and delayed connectivity between the nodes of the gastric network
In the different nodes of the gastric network, gastric-brain coupling occurred with different phase delays with respect to the gastric cycle. We analyzed between-participant phasedelay consistency and found temporal delays of ~3.3 seconds between the earliest nodes (somatosensory cortices) and latest nodes (dorsal precuneus and EBA) of the gastric network (Fig. 4a,b) . The Watson-Williams test for circular data confirmed that different nodes of the gastric network were coupled to the gastric rhythm with different phase delays (F(11, 29)=5.22,
p<10
-6 ), indicating a precise temporal sequence of activations within each gastric cycle.
Thus, each node of the gastric cycle appears to be characterized by a specific temporal delay with respect to gastric phase. These temporal delays were accompanied by delayed functional connectivity (FC) between the nodes of the gastric network.
We first illustrated this point with an example in a single participant ( 
Neural origin of gastric-BOLD coupling
SIr, SII and medial wall motor regions likely receive direct gastric inputs. The stimulation of the splanchnic (spinal) nerve that innervates the stomach evokes responses in contralateral SI and bilateral SII in several mammals (28) , and the spinothalamic tract was recently shown to target MWM in monkeys (29) . Vagal stimulation can also evoke responses in somato-motor cortices (30) . In addition, single neurons with convergent visceral and hand inputs have been observed in SI (31) , in line with the overlap we observed between the gastric network and hand representation. SIr, SII and MWM are not only targeted by documented ascending gastric pathways, they are also early nodes of the gastric network, with a phase advance compared with that of other nodes. Thus, these areas could be the entry point of gastric afferences, relaying gastric information via cortico-cortical connectivity to other nodes such as the EBA, a late node of the gastric network.
Since regions receiving direct visceral inputs are also early nodes of the gastric network, the BOLD fluctuations locked to the gastric rhythm likely have a neural origin. An additional argument is that we found gastric-BOLD coupling in parieto-occipital regions with neural activity in the alpha range modulated by gastric phase (17) . However, below, we examine the possibility that other non-neural mechanisms might contribute to gastric-BOLD coupling.
Artifactual BOLD fluctuations caused by head movements driven by stomach contractions seem unlikely. Indeed, gastric-BOLD coupling was neither related to head movement nor to EGG power that increases during stomach contractions. Another possibility is a vascular artifact. During digestion, gastric blood flow does indeed vary (32), but cerebral blood flow is unaltered (33) . Artificial distension of the stomach can cause increases in peripheral blood pressure (34) , but this peripheral increase is mostly due to the insertion of a bag catheter, not to its inflation (35) . Finally, spontaneous fluctuations in blood pressure in humans occur at approximately 0.1 Hz (so-called Mayer waves), which is much faster than gastric rhythm. Thus, a vascular effect seems unlikely, and the hypothesis that activity in the gastric network is driven by neural activity in areas directly receiving ascending inputs that later
propagates to other nodes of the gastric network appears more plausible.
Gastric network and bodily space
The gastric network appears to be organized along a common functional principle related to bodily space. Gastric basal rhythm creates a functional link between body maps corresponding to different sensory modalities. In addition to the primary and secondary somatosensory cortices, the gastric network includes MWM (CCZ, RCZp and SMA) that are involved in motor preparation and display a clear somatotopic organization (23, 36) . The gastric network also comprises the EBA, a functional region in the occipito-temporal cortex that selectively responds to visual images of the human body (24, 37) and is causally involved in body visual recognition (38) , with a fine topographical organization (25) . The EBA is not purely visual since it is also activated when participants move or imagine body parts without visual feedback (39) . Body maps associated with touch, action or vision thus appear to be functionally coupled via the stomach, an organ that cannot be easily touched, moved or seen.
In addition to body maps associated with touch, action and vision, the gastric network comprises regions that play a role in mapping the external space in bodily coordinates, namely, the right superior parieto-occipital sulcus, dorsal precuneus and RSC. The superior parietooccipital sulcus region is a visuo-motor area that encodes visual stimuli in bodily coordinates during action (40) . The dorsal precuneus and RSC both implement the integration of information into an egocentric reference frame, a key basic mechanism involved in many different cognitive processes (41, 42) that is, by definition, centered on the body.
Thus, in the brain at rest, gastric rhythm appears to bind together distributed maps encoded in bodily coordinates into a coherent functional system.
The gastric network is a novel resting-state network
RSNs have been defined as segregated functional systems that show synchronous fluctuations during rest (1). The gastric network, albeit distinct from classical RSNs as well as from the autonomic modulation areas (27) , falls under this definition. In terms of dynamics, the gastric network is defined by its phase synchronization with the stomach and its delayed connectivity between nodes. Functionally, the gastric network anchors different body-centered representations within a single functional system. The gastric network can thus be considered a novel RSN that could not be previously observed due to methodological reasons.
As opposed to classical RSNs, the gastric network is characterized by delayed connectivity, with temporal delays that can extend to several seconds but are stable over time and captured by coherence and phase synchrony. Delays are an intrinsic characteristic of brain dynamics unfolding in anatomically connected networks (43) 
MRI data acquisition
MRI was performed at 3 Tesla using a Siemens MAGNETOM Verio scanner (Siemens, Germany) with a 32-channel phased-array head coil. The resting-state scan lasted 900 s during which participants were instructed to lay still and fixate on a bull's eye on a gray background. 
MRI preprocessing
Brain imaging data were preprocessed using Matlab (Matlab 2013b, MathWorks, Inc., 
EGG preprocessing
Data analysis was performed using the FieldTrip toolbox. Data were low-pass filtered below 5 Hz to avoid aliasing and downsampled from 5000 Hz to 10 Hz. To identify the EGG peak frequency (0.033-0.066 Hz) for each participant, we computed the spectral density estimate at each EGG channel over the 900 s of an EGG signal acquired during the fMRI scan using Welch's method on 200-s time windows with 150-s overlap. Spectral peak identification was based on the following criteria: peaking power and sharpness of the peak. Two participants were excluded from further analysis at this stage because their spectral peak was unclear, with a power smaller than 15 µV 2 . The two criteria coincided in twenty participants. In ten participants, we used the second most powerful channel because the spectral peak was sharper.
Data from the selected EGG channel was then bandpass filtered to isolate the signal related to gastric basal rhythm (linear phase finite impulse response filter, designed with Matlab function FIR2, centered at ECG peaking frequency, filter width ± 0.015 Hz, filter order of 5). Data were filtered in the forward and backward directions to avoid phase distortions and downsampled to the sampling rate of the BOLD acquisition (0.5 Hz). Filtered data included 30 s before and after the beginning and end of MRI data acquisition to minimize ringing effects.
MR gradient artifacts affect the electrophysiological signal down to approximately 10
Hz, which is far above EGG frequency (~0.05 Hz). Thus, no specific artifact gradient procedure was necessary. We further checked that EEG frequency inside and outside the scanner did not differ (see Results).
Data analysis Quantification of Gastric-BOLD phase synchrony
The BOLD signals of all brain voxels were bandpass filtered with the same filter 
where T is the number of time samples, and x and y are the two time series. The PLV measures phase synchrony irrespective of temporal delays and amplitude fluctuations and is bounded between 0 (no synchrony) and 1 (perfect synchrony). The PLV was first assessed over the whole duration of the recording. In a second step, we computed the time-varying PLV in a 60-s time window shifted by 10 s.
Statistical procedure for determining regions showing significant gastric-BOLD coupling at the group level
We employed a two-step statistical procedure adapted from a previous work (17) . We first estimated chance-level gastric-BOLD coupling at each voxel and in each participant. We then used group-level statistics to determine regions in which gastric-BOLD coupling was greater than chance.
We first estimated the chance-level PLV at each voxel for each participant. We created surrogate datasets in which the phase relationship between the EGG and BOLD time series was disrupted by offsetting the EGG time series with respect to the BOLD time series. In practice, the EGG time series was shifted by a time interval of at least ±60 s (i.e., approximately 3 cycles of the gastric rhythm) with respect to the BOLD time series. Data at the end of the recording were wrapped to the beginning. Given the 420 samples in the BOLD time series, this procedure generated 360 surrogate datasets from which we could compute the distribution of the chancelevel PLV for each voxel in each participant. The chance-level PLV was defined as the median value of the chance-level PLV distribution for each voxel and participant. We defined coupling strength as the difference between the empirical PLV and chance-level PLV.
In a second step, we tested whether the empirical PLV differed from the chance-level PLV across participants. We used a cluster-based permutation procedure (18) , as implemented in FieldTrip (46) , that extracts clusters of voxels showing significant differences at the group level while intrinsically correcting for multiple comparisons. This non-parametric method is exempt from the high rate of false positives associated with the Gaussian shape assumption often present in fMRI studies (47) . The procedure consists of comparisons between the empirical PLV and chance-level PLV across participants using t-tests at each voxel. Candidate clusters are formed by neighboring voxels exceeding the first-level t-threshold (p<0.01, twosided). Each candidate cluster is characterized by the sum of the t-values in the voxels defining the cluster. To determine the sum of t-values that could obtained by chance, we computed a cluster statistics distribution under the null hypothesis by randomly shuffling the labels "empirical" and "chance level" 10.000 times and applied the clustering procedure. At each permutation, we retained the largest positive and smallest negative summary statistics obtained by chance across all voxels and thus built the distribution of cluster statistics under the null hypothesis and assessed the empirical clusters for significance. Because the maximal values across the whole brain are retained to build the distribution under the null hypothesis, this method intrinsically corrects for multiple comparisons. Clusters are characterized by their summary statistics (sum(abs(t))) and Monte-Carlo p value. Clusters with a Monte-Carlo p value<0.05 (two-sided, corrected for multiple comparisons) were considered significant and are reported in the Results section as nodes of the gastric network.
Quantification of gastric-bold shared variance
To estimate the amount of variance in the BOLD signal that could be accounted for by gastric coupling, we computed the squared coherence coefficient between the EGG and average BOLD time course across all voxels in each significant cluster using FieldTrip software. The coherence coefficient measures phase and amplitude consistency across time and is a frequency domain analog of the cross-correlation coefficient in the temporal domain. Therefore, its squared value can be interpreted as the amount of shared variance between two signals at a certain frequency (48) . First, we estimated the frequency spectrum of the full-band (0.01-0. and normalized by the square root of the product of their squared amplitudes averaged across time windows.
The coherence coefficient was then squared and averaged across participants such that the final group value represented the shared variance between the EGG and each cluster BOLD activity at the normogastric peak.
Between-participant phase-delay consistency
To quantify temporal delays in the gastric network, we ran group-level analysis on the gastric-BOLD phase-locking angle. In each participant, we first computed a mean BOLD time series per node by averaging the voxel time series in each significant cluster. We then computed the relative phase-locking angle φk relative of the node k between the node time series x and the EGG y using equation 3, where φk relative corresponds to the phase-locking angle φk of node k with respect to the EGG minus the average angle across all nodes. φk relative thus quantifies the phase advance or lag of each node relative to the gastric network.
Between-participant phase-delay consistency was then obtained at each node by averaging the unit vectors of the relative phase-locking angles across P participants using equation number 5.
To determine whether there were significant differences across the angle of gastric network clusters, we submitted the values of each node and participant's relative phase-locking angle to Watson-Williams test, a circular analog of one-way ANOVA for circular data, using the circstat Matlab toolbox (Berens et al., 2009 ).
Functional connectivity: correlation and coherence FC was defined as shared variance and computed using either the squared Pearson correlation coefficient or squared coherence. We computed the Pearson correlation between the bandpass-filtered BOLD time series (gastric peaking frequency ± 0.015 Hz) averaged across voxels in each gastric node, as well as in two control regions outside the gastric network, the right ventral precuneus and right ventral insula. The ventral precuneus, a core node of the default network, was defined using a 9 mm 3 ROI centered in the coordinates provided by (50) (MNI x=-5 y=-52.5 z=41). The right ventral insula ROI was provided by the parcellation performed by (26) .
To compute coherence between BOLD time series, we first estimated the frequency spectrum of the full-band (0.01-0.1 Hz) BOLD time series using the Welch method with 36 time windows of 120 s with 20-s overlap. We then computed coherence using the FieldTrip implementation of equation number 2 and used the squared coherence at the gastric peak frequency of each participant as an estimate of shared variance.
Bayes factor
Bayesian statistics on correlation coefficients were computed and interpreted according to (51) and (52) . Regarding the specific test of an absence of effect of voxel motion susceptibility on coupling strength (H0), submillimeter voxel motion was estimated as in (19) , and H1 was modeled as the minimum effect size required to detect a significant difference from zero, given one-sample t-test of 29 degrees of freedom on a normal distribution with a mean of 0 and a standard deviation of 1. The same method was used to test for the absence of a difference between the EGG peak frequency measured inside and outside the scanner.
Anatomical and functional overlays and meta-analysis
Functional group-level images were overlaid on a 3D rendering of the MNI template 
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